Objectives: To evaluate the performance of an isothermal microcalorimetry (IMC) method for determining the MICs among extensively drug-resistant Gram-negative bacilli. Methods: A collection of 320 clinical isolates (n ¼ 80 of each) of Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii from Sweden, Spain, Italy and the Netherlands were tested. The MICs were determined using the IMC device calScreener (Symcel, Stockholm, Sweden) and ISO-broth microdilution as the reference method. Essential agreement, categorical agreement, very major errors (VME), major errors (ME) and minor (mE) errors for each antibiotic were determined. Results: Data from 316 isolates were evaluated. Four errors (two ME, one VME, one mE) among 80 K. pneumoniae, six errors (four ME, one VME, one mE) among 79 E. coli, 15 errors (seven VME, three ME, five mE) among 77 P. aeruginosa and 18 errors (12 VME, two ME, four mE) among 80 A. baumannii were observed. Average essential agreement and categorical agreement of the IMC method were 96.6% (95% confidence interval, 94.2e99) and 97.1% (95% confidence interval, 95.4e98.5) respectively when the MICs were determined at the end of 18 hours. Categorical agreement of the IMC method for prediction of MIC by the end of 8 hours for colistin, meropenem, amikacin, ciprofloxacin and piperacillin/tazobactam were 95%, 91.4%, 94%, 95.2% and 93.7% respectively. Conclusions: The IMC method could accurately determine the MICs among extensively drug-resistant clinical isolates of E. coli, K. pneumoniae, P. aeruginosa and A. baumannii isolates. C. Tellapragada, Clin Microbiol Infect 2020;▪:1
Introduction
Early detection of microbial aetiology and initiation of pathogen-specific antimicrobial therapy are crucial pillars for successful management of clinical infections. Despite the advent of DNA-based detection methods for pathogens and antimicrobial resistance genes directly in clinical specimens, microbiologic culture followed by antimicrobial susceptibility testing (AST) remains the reference method for diagnosis of bacterial infections. For AST and determining the MICs against important antimicrobial agents, the majority of clinical laboratories worldwide use well-established methods such as the disc diffusion test and broth microdilution (BMD) assays. With the global upsurge in the prevalence of infections, particularly due to multidrug-resistant bacteria, quantifying antimicrobial resistance by determining the MICs becomes indispensable. Currently available automated or semiautomated systems for AST and MIC determination against commonly used antimicrobial agents often remain prone to error or less calibrated compared to BMD [1, 2] . Moreover, the majority of these systems provide results by the end of 16 to 18 hours of incubation, which is nearly the same amount of time required using manual methods. In this context, clinical laboratories continue to face the challenge of providing timely and reliable MIC results, which in turn are crucial for effective antimicrobial stewardship programmes.
Isothermal microcalorimetry (IMC) is a well-acknowledged method for measuring the energy released during metabolic processes in a biological system. Metabolically active bacteria generate energy which is proportional to their growth rate in a given culture system. IMC is capable of measuring the energy released in an isothermal, closed system at microwatt levels and this property makes it a potential tool to study the growth kinetics of bacteria [3, 4] . IMC has several advantages compared to traditional assay technologies for studying AST. The technology has a very high sensitivity compared to optical readouts, enabling a potential early detection of inhibition. The IMC technology can be used under a variety of media conditions, and being a label-free technology, it can also be applied for measurement of samples with complex geometries such as turbid or complex samples. IMC has been used to study the mode of action of various antimicrobial agents when used at subinhibitory concentrations [5] . Exposure of bacteria to antimicrobials influences their metabolism and physiology, thereby affecting the energy released. Isothermal microcalorimetry is a real-time monitoring of the energy release/heat flow that can help us better understand the influence of an antimicrobial agent on the bacterial growth given time-resolved data. There are currently few data regarding the accuracy and speed of IMC in predicting the MICs in the published literature.
We conducted a multicentre evaluation of the performance of a 48-well IMC device calScreener (Symcel, Stockholm, Sweden), to determine the MICs among clinical isolates of Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii against clinically important antimicrobial agents.
Materials and methods

Study details
We present here the data from an ongoing (January 2018 to December 2019) multicentre laboratory-based evaluation study. Study sites were the clinical microbiologic laboratories at Karolinska University Hospital, Sweden; Azienda Universitario Ospedaliera Careggi, Italy; Hospital Universitario Ramon y Cajal, Spain; and Erasmus Medical Center, Netherlands.
Study isolates, antibiotics and media
Nonreplicate clinical isolates of E. coli (n ¼ 80), Klebsiella pneumoniae (n ¼ 80), Pseudomonas aeruginosa (n ¼ 80) and A. baumannii (n ¼ 80) with pre-determined antimicrobial susceptibility profiles were included in the study. Multiple isolates from known ongoing outbreaks were avoided. Challenge isolates included in the present study from all the four study sites were chosen to overrepresent resistance. Reference strains of E. coli (ATCC 25922 and NCTC 13476), K. pneumoniae (NCTC 13438), P. aeruginosa (ATCC 28753) and A. baumannii (ATCC 19606) were used for the initial standardization and reproducibility testing of the protocol for MIC determination using calScreener. Antibiotics used in the present study with their concentrations are listed in Table 1 . Antibiotic powders used in the present study were procured from Sigma-Aldrich (Sweden). Mueller-Hinton broth (MHB) (Sigma-Aldrich) was used as the standard growth medium through the study. Culture media and working solutions of antibiotics used for MIC determination were prepared according to the guidelines from the European Committee on Antimicrobial Susceptibility Testing (EUCAST) v.5.0 (http://eucast.org/ast_of_bacteria/media_ preparation/).
Inoculum and antibiotic preparation for calScreener
BMD solutions were prepared in 48-or 96-well microtitre plates. For each antibiotic, a two-fold dilution series was prepared following the concentration ranges on Table 1 in a total volume of 150 mL at double the final concentration used. Bacterial suspensions were prepared in MHB and matched to 0.5 McFarland and diluted 1:100 in MHB. A total of 150 mL of bacterial suspensions was inoculated in each well containing antibiotics. In each plate there were control wells: one negative control that had only MHB, two positive control wells that had MHB and the bacterial inoculum but not the antibiotics. From this master plate, 120 mL of each sample (5 Â 10 5 CFU/mL bacterial suspension with or without antibiotic) were transferred to sterile plastic inserts designed to fit in titanium measurement vials (calWell; Symcel) as a part of the calScreener sample handling system [6, 7] . The inserts were placed in the calWells, sealed and loaded in the calScreener. The calWells serving as thermodynamic references were loaded with 120 mL of MHB. Real-time measurement of the heat produced from each calWells was carried out at 37 ± 0.001 C in the calScreener for a minimum duration of 18 hours. The remaining samples in the microtitre plate were incubated at 37 C for 16 to 18 hours.
Performance evaluation of IMC method
ISO-broth microdilution (ISO-BMD) was used as the reference method for evaluation of the IMC method. Interpretation of the MIC results was carried out using the EUCAST clinical breakpoint criteria (v.9.0, January 2019). Isolates that produced discrepant results (very major errors and major errors) using the IMC method were subjected to repeat testing (three times) by the reference method. Overall essential and categorical agreements of the IMC method were analysed according to the criteria in ISO standards 20776-1 and 20776-2 [8] . 
Data analysis
The heat produced in the calWells was continuously measured and expressed as heat flow over time (mW) using the manufacturer's calView software (Symcel). The initial 30 minutes of incubation after signal stabilization was used as baseline to correct for internal sample variation. Isolates that released heat of at least >10 mW, which allowed us to set a stable baseline, were all included in the analysis. The total heat released by each isolate was calculated for every 30-minute interval; the relative heat was then defined as the total heat ratio between samples exposed to antibiotics and the positive control (no antibiotic). When a ratio surpassed 20%, it was considered positive growth, and if it did not surpass the cutoff for the duration of the assay (8 or 18 hours), it was considered negative. MIC was defined as the antimicrobial concentration that inhibited the heat release [9] . Statistical analysis was performed by GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, USA).
Results
Evaluation of the calScreener using reference strains
MICs against the panel of antibiotics ( Table 1) for each of the five reference strains were determined three times independently at all four study sites. The reference strains used in the present study covered the quality control (QC) for all drugs with published QC ranges. All of the four study sites obtained on-scale results for the reference strains for the drugs tested within the published QC ranges for those organisms. Overall, the average categorical and essential agreements between both the methods were 91.6% and 97.2% respectively. There was a high reproducibility between sites determining the MIC values: in 95.3% of the tests, all four sites determined the same MIC using the calScreener, and in 99% of all tests, the MIC was determined within a single twofold dilution difference.
Evaluation of calScreener using clinical isolates
We tested 320 clinical isolates comprising 80 of each E. coli, K. pneumoniae, P. aeruginosa and A. baumannii using both IMC and ISO-BMD methods. Distribution of the study isolates based on their MICs against the tested antibiotics using ISO-BMD method is depicted in Table 2 . Among these 320 isolates, IMC data from 316 (98.7%) could be analyzed and compared to the ISO-BMD results. IMC data from three P. aeruginosa and one E. coli isolate could not be analyzed as a result of the very low amount of heat released (<10 mW) by these isolates. For the 316 isolates included in the analysis, average essential and categorical agreements of the IMC were 96.6% (95% confidence interval, 94.2e99) and 97.1% (95% confidence interval, 95.4e98.5) respectively. Total number of isolates tested against each antibiotic and the percentage of essential and categorical agreements observed are listed in Table 3 .
We deduced the error rates of the IMC method among each of the four bacterial species included in the study. Six errors (four major errors (ME), one very major errors (VME) and one minor error (mE)) were observed among 79 E. coli isolates tested against five antibiotics, with an overall error rate of 1.5% (6/395). Four errors (two ME and one each of VME and mE) were observed among 80 K. pneumoniae isolates tested against five antibiotics, with an overall error rate of 1% (4/400). Fifteen errors (seven VME, three ME, five mE) were observed among 77 P. aeruginosa isolates tested against seven antibiotics, with an overall error rate of 2.7% (15/539). Eighteen errors (12 VME, two ME, four mE) were observed among the 80 A. baumannii isolates tested against six antibiotics, with an overall error rate of 3.7% (18/480).
In the absence of data regarding breakpoints and epidemiologic cutoffs for minocycline and sulbactam, we assessed the performance of the IMC method using two tentative breakpoints for each drug, 2 and 4 mg/L for minocycline and 4 and 8 mg/L for sulbactam. The IMC method generated erroneous results more frequently while testing A. baumannii isolates by producing false susceptible results against sulbactam (7.1% and 21.6% using 4 and 8 mg/L as the breakpoints respectively) and minocycline (20.6% and 31.8% using 2 and 4 mg/L as the breakpoints respectively). Performance characteristics of the IMC method among the four bacterial species against individual antibiotics tested in the present study are depicted in Table 4 . For brevity, comparison of the MICs determined using both the methods against selected antibiotics are depicted in Fig. 1 .
Time to detection of MIC using the IMC method
Time to detect the metabolic activity for each of the four bacterial species included in the study was determined. Median time for detection of a stable metabolic activity among E. coli, K. pneumoniae, P. aeruginosa and A. baumannii were 3, 3.5, 6 and 4 hours respectively ( Fig. 2(a) ). Overall time to detect the MIC of each antibiotic among each of the four bacterial species is depicted in Figs. 2(bee). We further compared the categorical errors of the IMC method at two different time points (by the end of 8 and 18 hours) for five important antibiotics. Average categorical agreement between IMC method at 8 hours and the reference method for colistin, meropenem, amikacin, ciprofloxacin and piperacillin/tazobactam were 95%, 91.4%, 94%, 95.2% and 93.7% respectively. Underestimation of resistance for all the antibiotics tested was observed when the MICs were predicted at 8 hours using the IMC data ( Fig. 3) . 
Discussion
We present here the accuracy of a multichannel IMC device, calScreener, for determination of MIC for bacterial pathogens against various antibiotics. A multicentre evaluation of the method was performed by including four commonly encountered Gramnegative bacterial species that cause clinical infections and tested against a panel of clinically relevant antibiotics. Average essential agreement and categorical agreement of the IMC method were 96.6% and 97.1% when tested using the clinical isolates. The method demonstrated excellent reproducibility when performed and interpreted independently at each of the four study sites with the same panel of reference strains and antibiotics.
Categorical agreements of the IMC method varied between the antibiotics tested (Table 3) , bacterial species (Table 4 ) and most importantly the time (Fig. 3) at which the results were determined in the present study. In general, the performance of any new AST method can significantly vary or be biased based on the characteristics of challenge isolates included for the evaluation [1] . One of the major strengths of our study is that we used challenge isolates from the frozen collections of four European referral hospitals (to avoid the influence of clonality) that were well distributed ( Table 2) , with reference to their MICs against important antibiotics of clinical relevance. By doing so, we were able to investigate the categorical agreement of the IMC method using calScreener against a challenging strain collection, thus provoking the system maximally. IMC data from four (1.2%) of 320 isolates did not meet the technical inclusion criteria and hence were not included in the final analysis. A re-run of these four samples could resolve the technical uncertainty and allow for a MIC determination. Overall the error rates of the IMC method by the end of 18 hours ranged between 1% and 3.7% among the four bacterial species tested. The IMC method performed well in predicting the MIC among Enterobacterales isolates (n ¼ 159), sparing the three major errors when tested against ciprofloxacin and two minor errors against meropenem.
EUCAST has identified some situations when reproducibility of AST, including sometimes also BMD, is particularly challenging. These MIC values or sometimes ranges of values are referred to as the area of technical uncertainty for certain antibiotics that are more prone to generate categorical errors while testing using the BMD method. Four of the 77 P. aeruginosa isolates included in the study had an MIC of 4 mg/L, determined using the reference method against colistin, which is recognized as an area of technical uncertainty for colistin among P. aeruginosa by EUCAST. The IMC method identified two of these four isolates as susceptible (false) and one isolate as resistant (false), leading to 33.3% VME and 1.4% ME. The concept of the area of technical uncertainty has only been available since January 2019, so it has not yet been fully established whether it should be considered when calculating errors in AST. Nevertheless, some of the observed discrepancies could clearly be explained by the problems of reproducible AST with colistin and P. aeruginosa, which apply to all MIC methods.
With increasing number of infections due to multidrug-resistant A. baumannii, minocycline and sulbactam have sometimes been suggested as therapeutic options, mostly in combination with another agent. MIC breakpoints for these drugs against A. baumannii are currently not available from EUCAST [10, 11] . The IMC method generated VME more frequently while determining MICs for sulbactam and minocycline. Establishing susceptibility for these two antibiotics was reported to be problematic using several available AST methods [12] . We foresee the need for further evaluation of the IMC method for its accuracy in predicting MICs for these two antibiotics, using a large comprehensive collection of A. baumannii isolates comprising both wild-type and resistant phenotypes to draw any conclusions.
Essential agreement of IMC method with the reference method for the antibiotics tested in the present study ranged between 90% and 100%, with an average of 96.3%. It is possible that the results derived from our study, with special reference to the essential agreement of the IMC method, could have been slightly different if only the exact MICs were determined instead of truncations in the highest and lowest MIC dilutions. We recognize this as one of the limitations of our study. Reproducibility of the IMC method was performed using five reference strains, tested independently at each of the four study sites using the same batch of media (MHB) and working solutions of antibiotics prepared and distributed across all the study sites. Further, all the tests were performed by skilled researchers with expertise in performing BMD assays. Considering these factors, it is not surprising that both the BMD and IMC methods demonstrated excellent reproducibility in our study. Nevertheless, it is important to remember that the IMC method per se is highly sensitive and, like BMD, can produce erroneous results from minute contaminations and/or pipetting errors.
In the present study, we used 18 hours as the endpoint for MIC determination, but attempts were made to measure MICs also after 8 hours. We did not observe a change in the percentage of ME due to prediction of MIC at 8 and 18 hours by the IMC method. However, a considerable decline in the frequency of VME with an increase in time for prediction from 8 to 18 hours was observed while analyzing the results for all the five antibiotics analyzed at two different time points (Fig. 3 ). From these findings, it is possible to postulate that the time needed for determining MICs may most likely be strain dependent within a given bacterial species. Even though some isolates require 18 hours, many isolates could be correctly classified in less time than the reference method. Given this observation, we foresee the need for further evaluation of the IMC method for its utility in predicting MICs at various time points among Gram-negative bacilli, particularly against the last-resort antibiotics.
In conclusion, we have shown that the determination of MICs based on metabolic activity of bacteria could be achieved using the new IMC device, calScreener. In some strains, the IMC method was faster than the BMD for determining MICs. calScreener had an additional advantage in that the bacterial growth in the presence of antibiotics could be monitored in real time, which is not possible with the conventional BMD testing. With further improvements in the existing methodology used for testing and the data analysis software, the new method has the potential to decrease turnaround time for determining MICs without compromising the quality of the results.
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